During the replication of Lelystad virus in alveolar lung macrophages, a 3'-coterminal nested set of six subgenomic RNAs (RNA2 to RNA7) is formed. These contain a common leader sequence derived from the 5' non-coding region of the genomic RNA. In this study, the sequence of the junction sites, i.e. the sites where the leader sequence joins to the body of the subgenomic RNA, was determined for all six subgenomic RNAs. For each subgenomic RNA, six to nine eDNA clones were isolated by means of reverse transcription and PCR. The nucleotide sequence at the junction site was identical for all eight eDNA clones derived from subgenomic RNA4.
However, heterogeneity was observed in the nucleotide sequence surrounding the junction sites of the eDNA clones derived from subgenomic RNAs 2, 3, 5, 6 and 7. This heterogeneity suggests that the fusion of the leader to the body of the subgenomic RNA may be imprecise. The junction sites of the six subgenomic RNAs had a conserved sequence motif of six nucleotides (UCAACC or a highly similar sequence). The distance between the junction site and the translation initiation codon of the downstream open reading frame varied from nine to 83 nucleotides.
Lelystad virus (LV) is an enveloped positive-stranded RNA virus, which causes abortions and respiratory disease in pigs. It was first isolated by Wensvoort et al. (1991) during an outbreak of mystery swine disease in January 1991 in the Netherlands and is also known as porcine epidemic abortion respiratory syndrome or porcine reproductive respiratory syndrome virus.
The complete nucleotide sequence of the genome of LV has recently been determined (Meulenberg et al., 1993) . This sequence is 15.1 kb in length and contains a poly(A) tail at the 3' end. Open reading frames (ORFs) that might encode the viral replicases (ORFs la and 1 b), membrane-associated proteins (ORFs 2 to 6) and the nucleocapsid protein (ORF7) were identified. The genomic data revealed that LV is only distantly related to the coronaviruses and the torovirus Berne virus, but is closely related to lactate dehydrogenase-elevating virus (LDV), equine arteritis virus (EAV) and simian haemorrhagic fever virus (Meulenberg et al., 1993) . Furthermore, these four viruses can be considered a new virus family because they share additional characteristics such as cell tropism and morphology.
The analysis of viral RNA in LV-infected alveolar lung macrophages has shown that LV synthesizes a 3'-coterminal nested set of six subgenomic RNAs (Meulenberg et al., 1993) . The subgenomic RNAs contain a leader sequence, which is derived from the 5' end of the viral genome. The subgenomic RNAs of coronaviruses (Spaan et al., 1988) , LDV (Kuo et al., 1992) and EAV (de Vries et al., 1990) are similar in their synthesis and composition. Sequence analysis of the subgenomic RNAs of LDV and EAV has revealed that the site where the leader is joined to the body of the subgenomic RNA is conserved (de Vries et aL, 1990; Chen et al., 1993) . This paper reports the identification of the junction sequences of the six subgenomic RNAs of LV and also shows that the junction sequences contain a common motif. The results suggest that the synthesis of subgenomic RNAs may be imprecise.
To determine the leader-body junction sequence of the six subgenomic RNAs of LV, specific cDNA clones were isolated. Fig. 1 shows the strategy for the generation of the eDNA clones. RNA was isolated from LV-infected alveolar lung macrophages, as described earlier (Meulenberg et al., 1993) and was reverse transcribed, using a primer (P1) located in the unique coding region of ORFs 2 to 7. Reverse transcription was performed as described by Meulenberg et al. (1993) . The first-strand eDNA products were denatured for 5 min at 94 °C and were then amplified by a PCR using the same primer P1 and a sense primer, P2, based on the sequence of the 5' leader of the viral genome. Amplification was performed with AmpliTaq DNA polymerase (Perkin-Elmer Cetus) under the following conditions: denaturation of dsDNA for 1 min at 94 °C, annealing of the primer for 1 min at 55 °C and primer extension for 1 min at 72 °C. The number of cycles was 40. The products of the first PCR were then amplified in a second PCR, using the internal primers P3 and P4, to increase the specificity. The restriction sites introduced in P3 and P4 were used to clone these PCR fragments in plasmid pGEM-4Z (Promega), according to standard techniques (Sambrook et al., 1989) . The phage T7 DNA polymerase sequencing kit (Pharmacia) and [ct-35S]dATP (Amersham) were used to determine the sequence of the cDNA clones on dsDNA. Six to nine cDNA clones were sequenced for each subgenomic RNA (Table 1 ). The results showed that the subgenomic RNAs were synthesized by linkage of the 5' leader sequence to a specific site upstream of ORFs 2 to 7. Remarkably, the sequences of the cDNA clones of all subgenomic RNAs, except for subgenomic RNA4, were heterogeneous at the specific junction sites. For instance, two subspecies of cDNA clones were isolated for RNA2 (groups A and B in Table 1 ). When the nucleotide sequence of the 5' leader, the genome sequence upstream of ORF2, and the sequence of subgenomic RNA2 group A, were compared, the leader was found to be joined either with the U at position 8 to the U of the genome at position 9, or with the U at position 9 to the A of the genome at position 10. However, similar sequence analysis of subgenomic RNA2 group B indicated that this RNA can only be synthesized by joining of the leader at position 10 (U), 11 (A), 12 (A), 13 (C) or 14 (C) to the genome at position 11 (A), 12 (A), 13 (C), 14 (C) or 15 (C), respectively. The sequence of the different subspecies identified for the other subgenomic RNAs can be explained in a similar way. Since the 3' end of the leader contains a stretch of three Us and two As, it is usually impossible to determine exactly which nucleotide is derived from the leader and which nucleotide is derived from the genomic RNA. However, in the case of RNA3 group B, RNA6 group B and RNA7 group A, the leader is clearly joined to the genomic RNA at a point that is one or two nucleotides upstream of the consensus six-nucleotide junction motif. For instance, the leader is joined with the C at position 7 to the A of the genomic RNA at position 7 in subgenomic RNA3 group B. The fusion of the leader to the body sequence in RNA3 group B results in a subgenomic RNA that is two nucleotides longer than that of RNA3 group C and one nucleotide longer than that of RNA3 group A. In Table 1 , the sequences of RNA3 groups A, B and C have been aligned with respect to the genome sequence of RNA3.
It could be argued that reverse transcription or PCR artefacts caused the heterogeneity observed at the junction sites of different cDNA clones for a specific subgenomic RNA, but this is highly unlikely. Sequence differences were observed specifically at the junction sites of cDNA clones that were derived from five of the six subgenomic RNAs, each of which was generated by an independent reverse transcriptase reaction and PCR. In the remaining part of the cDNA clones (about 200 to 500 nucleotides) no or one nucleotide substitution was observed. Furthermore, a control experiment showed that the six-nucleotide junction motif is not a hot-spot for reverse transcription or PCR artefacts. In the control experiment the T7 RNA polymerase promoter ofpGEM-4Z and T7 RNA polymerase (Promega) were used, as recommended by the manufacturer, to transcribe the eDNA fragments of a representative of the two subspecies of subgenomic RNAs 6 (A and B) and 7 (A and B) in vitro. The in vitro synthesized RNA was purified over a Qiagen-tip 100 (Diagen), and was subsequently reverse-transcribed. The first-strand eDNA was amplified by PCR, using LV-specific primers that were complementary to the original cDNA fragments of subgenomic RNA subspecies 6A/B and 7A/B. The resulting cDNA fragments were cloned in pUC19 and sequenced (10 clones per species). The population of cDNA clones synthesized from subgenomic RNA subspecies 6A/B and 7A/B had a nucleotide sequence at the junction site that was identical to the original cDNA fragment (6A/B or 7A/B; data not shown). The sequence at the junction site appeared to be correctly duplicated during reverse transcription or PCR. t The number of cDNA clones of each group that was isolated. :~ The nucleotides are arbitrarily numbered. The nucleotides of the subgenomic RNAs identical to the leader are underlined, the nucleotides identical to the genome are shaded, and nucleotides identical to both the leader and genome are underlined and shaded. The six-nucleotide junction motif is double underlined.
§Distance (in nucleotides) between the junction motif and the initiation codon of the downstream open reading frame.
The junction sequences of the six subgenomic RNAs shared a common sequence motif of six nucleotides, represented by (U/A)(C/U/A)(A/G)ACC. The last three nucleotides of this motif were identical in all subgenomic RNAs, whereas the first nucleotide was predominantly a U, and the third nucleotide was predominantly an A. The second nucleotide was most variable. The distance between the junction sites and the initiation codon of the downstream ORF varied from nine (ORFT) to 83 (ORF4) nucleotides. The leader-body junction sequences of the subgenomic RNAs of LV share some sequence similarity with those identified in the subgenomic RNAs of EAV (de Vries et al., 1990) and LDV (Chen et al., 1993;  Table 2 ). Three to six cDNA clones of each subgenomic RNA of LDV have been sequenced. Although sequence variation was also observed at the junction site of subgenomic RNAs 1-1 and 4, the junction sequences of the other RNAs were homogeneous. Only one cDNA clone of RNA6 and two of RNA7 have been sequenced for EAV. It is likely that if more cDNA clones of each subgenomic RNA of EAV had been sequenced, heterogeneity at the junction sequence might also have been detected. Sequence analysis of the leader-body fusion sites of subgenomic RNAs 6 and 7 of coronavirus mouse hepatitis virus (MHV) also resulted in the identification of a heterogeneous population of subgenomic RNAs (Makino et al., 1988) . The 5' leader of MHV contains two to four UCUAA repeats at the 3' end, depending on the isolate, whereas the intergenic sites contain one or two (im)-perfect UCUAA repeats (Spaan et al., 1988) . The distinct subspecies of subgenomic RNAs 6 and 7 described by Makino et al. (1988) differed in the number of these five-nucleotide repeats.
It has been proposed that coronaviruses utilize a unique leader RNA-primed transcription mechanism in which a leader RNA is transcribed from the 3' end of the genome-sized negative-stranded template RNA, dissociates from the template, and then rejoins the template RNA at downstream intergenic regions to serve as the primer for mRNA transcription (Baric et al., 1983 (Baric et al., , 1985 Makino et al., 1986; Baker & Lai, 1990) . In the context of this mechanism, the heterogeneity in the subgenomic RNAs 6 and 7 of MHV is explained by the possibility that the leader RNA binds imprecisely to the repeats at intergenic sites. However, the heterogeneity observed in the subgenomic RNAs of LV cannot be explained similarly, because only one stretch of six nucleotides in the leader is (partially) homologous to the junction motifs, located upstream of ORFs 2 to 7. Although the homology between the leader and the intergenic regions of coronaviruses (e.g. seven to 18 nucleotides in MHV) led to the hypothesis that base-pairing might be essential in leader-primed transcription, the sequence at the 3' end of the leader of both coronaviruses and arteriviruses that is involved in the fusion process is still not known, and no experimental evidence exists for the requirement of base-pairing in transcription. The question is whether the short stretch of only four to six nucleotides that are identical in the leader and junction sequences in the genomes of LV, EAV and LDV (Table 2) is sufficient for efficient binding of the leader to these specific junction sites upstream of the ORFs. Moreover, in a few subgenomic RNAs of LV the exact point where the leader was joined to the body appeared to be one or two nucleotides upstream of the identical sequence segments.
Since additional UCAACC-like junction motifs are present at other locations in the genome of LV, additional (structural) elements are expected to be involved in the fusion of the leader to the specific sites, identified here. This is supported by mutational analysis of the intergenic region between genes 6 and 7 of MHV, containing two UCUAA repeats (Makino et al., 1991) . These UCUAA repeats were shown to be necessary but not sufficient for the synthesis of subgenomic RNAs.
Although several observations are compatible with a leader-primed transcription model for coronaviruses, some investigators suggest that the mechanism of subgenomic mRNA synthesis is more complex because of the presence of negative-stranded subgenomic RNAs and subgenomic replicative intermediates ( Our data suggest that the mechanism of subgenomic RNA synthesis of LV, which is still unknown, is similar to that of coronaviruses, LDV and EAV. An infectious cDNA clone might be very useful in future studies to elucidate this mechanism.
